ABSTRACT At present, systems for wind power transmission by ultra-high voltage direct current (UHVDC) and ultra-high voltage alternating current (UHVAC) have been constructed and are operating in China. The installed capacity of the doubly fed induction generator (DFIG) and the rated power of the UHVDC in a system involving wind power transmission by the UHVDC/UHVAC (WIND-UHVDC/AC) are very large, and the active power recovery rates of the DFIG and UHVDC after a short-circuit fault is cleared will seriously affect the rotor angle stability of the sending-end system. Therefore, it is significant to analyze the active power recovery rates of the DFIG and UHVDC for the safe operation of the WIND-UHVDC/AC system. First, the influence of the active power of the DFIG and UHVDC on the electrical power of the synchronous generator (SG) in the sending-end system is deduced mathematically. Second, the impact of the active power recovery rates of the DFIG and UHVDC on the deceleration areas of the SG are analyzed, respectively, and the effects of the variation in the equivalent internal reactance of the SG on the leftward shift and downward shift of the electrical power curve are studied. Then, the mechanism of the interactive influence of the active power recovery rates of the DFIG and UHVDC on the rotor angle stability is further analyzed. Finally, the theoretical analysis is validated using a typical WIND-UHVDC/AC system and an actual WIND-UHVDC/AC system in China's Northwest Power Grid. The analysis in this paper provides a theoretical foundation and a reference for the stability control strategy for the WIND-UHVDC/AC systems.
I. INTRODUCTION
In recent years, wind power generation has been one of the most mature and promising renewable energy power generation technologies. Several tens of millions of kilowattlevel wind power bases have been planned and constructed in North China, Northwest China and Northeast China. In these wind bases, the doubly fed induction generators (DFIGs) are widely used because of their small converter capacities, flexible control, and reactive power compensation capability. However, these areas have limited power loads and are unable to consume large-scale wind power
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generation; the power demand in China is mainly concentrated in the densely populated southeast areas of China [1] , [2] . To solve the problems associated with large-scale wind power consumption and unbalanced energy distribution in China, it is necessary to transmit the wind power from the northern areas to remote eastern areas. Ultra-high voltage direct current (UHVDC) has the advantages of a large transmission capacity, low transmission loss and a narrow corridor, which can greatly improve the transmission economics. Therefore, the systems involving wind power transmission by UHVDC/ ultra-high voltage alternating current (UHVAC), hereafter termed WIND-UHVDC/AC systems have become a reasonable scheme for large-scale wind bases in China [3] , [4] .
Although a WIND-UHVDC/AC system can effectively relieve the power supply pressure of the receiving-end system and improve the utilization rate of wind power [5] , the transient characteristics of the DFIG, which differs from a synchronous generator (SG), will result in a severe challenge regarding the stable operation of the system [6] . A shortcircuit fault in the UHVAC line will lead to a large surplus of active power in the sending-end system, which will increase the rotor speed of the SG. The installed capacity of the DFIG and the rated power of the UHVDC in the WIND-UHVDC/AC system are very large, and the active power recovery rates of the DFIG and UHVDC after a shortcircuit fault is cleared will seriously affect the rotor angle stability of the sending-end system. Therefore, it is significant to research the impact of the active power recovery rates of the DFIG and UHVDC on the transient rotor angle stability of the sending-end system for the safe and stable operation of the WIND-UHVDC/AC system.
At present, research on the rotor angle stability of wind power integration systems mainly focuses on the impact of different control strategies of the wind turbine during a shortcircuit fault in UHVAC lines [7] , [8] , and less research considers the effect of the active power recovery characteristics of the DFIG after the fault is cleared. A power injection model was used to describe the dynamic behaviour of a DFIG in [9] , and it was considered that an increase in the active power recovery rate of the DFIG was not conducive to the rotor angle stability of the sending-end system. Based on the static extended equal area criterion, the impact of the active power recovery rate of the DFIG on the rotor angle stability was analysed in [10] ; it was believed that reducing the active power output of the DFIG could improve the rotor angle stability. In [11] , the active power output and reactive power output of the DFIG are equivalent to negative resistance and reactance in parallel, respectively; the influence of an active power control strategy on the rotor angle stability was analysed, and it was considered that the active power recovery strategy of the DFIG after a fault is cleared has a small effect.
At present, research on the rotor angle stability of the linecommutated converter (LCC)-HVDC system mainly focuses on the impact of the UHVDC block and commutation failure and its emergency control strategy. The impact of multiple HVDC commutation failures on the rotor angle stability of the sending-end system for different power flow directions was analysed in [12] . Furthermore, the main influencing factors, such as equivalent commutation time, were discussed. The influence of the wind power penetration ratio on the rotor angle stability and the optimal wind power penetration ratio to improve the rotor angle stability after the UHVDC block was determined in [13] . The influence of the HVDC block on the rotor angle stability of the sending-end system in a wind-thermal-bundled system and a control strategy of the DFIG reactive power to improve the rotor angle stability were proposed in [14] . A ''push'' and ''pull'' method utilizing dynamic capacitor insertion to increase the effective commutation voltage and eliminate commutation failures in a traditional LCC-HVDC system was proposed in [15] . However, the impact of the active power recovery rate of the UHVDC on the rotor angle stability has not been reported. For a WIND-UHVDC/AC system, the rotor angle stability is affected by the active power recovery rates of both the DFIG and UHVDC. The interaction between the DFIG and UHVDC increases the complexity of the rotor angle stability, and there is no mature research and conclusion regarding this matter. Therefore, the following innovative studies have been conducted in this paper:
(1) Mathematical deduction of the active power of the DFIG and UHVDC in the electrical power of an SG after a short-circuit fault is cleared; (2) Analysis of the influence of the active power recovery rate of the UHVDC on the rotor angle stability; (3) Analysis of the role of the equivalent internal reactance of the SGs in the sending-end system in the rotor angle stability; (4) Analysis of the influence mechanism of the interaction between the active power recovery rate of the DFIG and the active power recovery rate of the UHVDC on the rotor angle stability. In this paper, the active power and reactive power of the DFIG and UHVDC are equivalent to parallel resistance and reactance, respectively, and a model of a WIND-UHVDC/AC system is constructed. Based on the equal-area criterion (EAC), the impact of the active power of the DFIG and UHVDC on the deceleration areas of the SG are analysed respectively, and the effects of the variation in the equivalent internal reactance of the SGs on the leftward shift and downward shift of the electrical power curve are studied. Furthermore, the mechanism of the interactive influence of the active power recovery rates of the DFIG and UHVDC on the rotor angle stability is further analysed. Finally, the theoretical analysis is validated using a typical WIND-UHVDC/AC system and an actual WIND-UHVDC/AC system in China's Northwest Power Grid. The research in this paper extends the analysis of rotor angle stability and provides a theoretical foundation and a reference for a stability control strategy of WIND-UHVDC/AC systems. 
II. MODEL OF THE WIND-UHVDC/AC SYSTEM
A schematic diagram of a typical WIND-UHVDC/AC system is shown in Fig. 1 . In the sending-end system, there are SGs, DFIGs, and reactive power compensation devices. The power VOLUME 7, 2019 of the sending-end system is transmitted to infinite receivingend system 1 and infinite receiving-end system 2 by UHVDC and UHVAC lines, respectively. In this section, the parallel impedances are introduced as intermediate variables to reflect the external behaviour of DFIGs, UHVDC and capacitors, respectively, and the equation of the electrical power of the SG in the sending-end system is derived mathematically.
A. EQUIVALENT CIRCUIT OF A WIND-UHVDC/AC SYSTEM
The active power and reactive power injected into the system by the DFIG wind farm can be regarded as a negative resistance and negative reactance, respectively. Therefore, in the mathematical model of the WIND-UHVDC/AC system, a variable negative resistance r w and negative reactance x w connected in parallel to the AC bus of the rectifier station are used to represent the DFIG wind farm. The impedance values of r w and x w are calculated as follows [13] , [16] :
where P w and Q w are the active power and reactive power injected into the system by the DFIG wind farm, respectively, and U D is the voltage of the AC bus in the rectifier station. It should be noted that the intermediate r w and x w are introduced to derive the equation of the electrical power of the SG in the sending-end system. The actual output characteristics of the DFIG are adopted in the following theoretical analysis and simulations. Similar to the DFIG wind farm, the variable resistance r D and negative reactance x D connected in parallel to the AC bus of the rectifier are used to represent the UHVDC system. The impedance values of r D and x D are calculated as follows:
where P D is the active power of the UHVDC and Q D is the reactive power consumed by the rectifier station. Suppose that the reactance value of the capacitors is x c ; thus, the reactive power compensation Q c of the capacitors can be expressed as:
The equivalent circuit of a typical WIND-UHVDC/AC system is shown in Fig. 2 , where x L is the reactance of the UHVAC lines, and the equivalent internal reactance x dTL is the sum of the internal resistance x d of the SG, the transformer impedance x GT and the AC line reactance x GL between the transformer and the AC bus in the rectifier station. During normal operation, no reactive power is injected into the system by the DFIG, so x w = 0, and Q c is approximately Q D ; thus, Q c ≈ Q D .
B. MODEL OF THE DFIG AND UHVDC IN THE TRANSIENT SIMULATION
DFIGs are widely used in wind farms; they can realize decoupling control of the active power and reactive power and thus help improve the regulation ability and stability of the system [17] . DFIGs can adopt different active power and reactive power control strategies after a system fault [18] , [19] , and the typical control strategies are shown in Fig. 3 .
In Fig. 3 [11] . Constant power factor control is adopted by the DFIG during normal operation. When a short-circuit fault occurs in the system, fault operation control is adopted by the DFIG, and the active power can be adjusted.
After the short-circuit fault is cleared, the effect of the variation in the active power recovery rate k DFIG of the DFIG on the active power output of the DFIG is shown in Fig. 4 , where k DFIG1 > k DFIG2 . The fault is cleared at t c , and the active power of the DFIG at this time is P wtc . For t 1 at any time after the fault is cleared, the active power output of the DFIG at t 1 increases as k DFIG increases.
In the analysis, the internal conference on power grid (CIGRE) HVDC benchmark model is employed, and the structural diagram is presented in Fig. 5 . The parameters of the CIGRE HVDC control system are presented in Appendix A. The rectifier can be controlled in constant [20] , [21] . The instantaneous active power when the fault is cleared and the active power recovery rate of the UHVDC after the fault is cleared can be adjusted by the VDCOL.
After the short-circuit fault is cleared, the variation in the active power recovery rate k HVDC will affect the active power of the UHVDC. Similar to the analysis of the DFIG, the active power of the UHVDC at t c is P Dtc . For t 1 at any time after the fault is cleared, the active power of UHVDC at t 1 increases as k HVDC increases.
III. THE IMPACT OF THE ACTIVE POWER RECOVERY RATES OF THE DFIG AND UHVDC ON THE ROTOR ANGLE STABILITY
The electrical power of the SG in a single-ended power transmission system can be calculated as follows [13] , [22] :
where E q is the no-load electromotive force of the SG, U is the voltage of the receiving-end system, δ is the rotor angle difference between E q and U , Z 11 is the self-impedance of the SG, Z 12 is the mutual impedance between the SG and the receiving-end system, and α 11 and α 12 are the complementary angles of the self-impedance angle and mutual impedance angle, respectively. The WIND-UHVDC/AC system is a single-ended system, and the electrical power of the SG in the system can be analysed by (4) . In the analysis, a short-circuit fault occurs at the near end of a single UHVAC line, and the fault is cleared by cutting off the fault line. The equivalent circuit of the WIND-UHVDC/AC system after the fault line is cut off is shown in Fig. 6 . In this section, the influence of k DFIG and k HVDC on the rotor angle stability is analysed, respectively. On this basis, the role of the interaction between k DFIG and k HVDC in the rotor angle stability is further analysed.
A. THE IMPACT OF THE ACTIVE POWER RECOVERY RATE OF THE DFIG ON THE ROTOR ANGLE STABILITY
When P D and k HVDC are zero after the fault is cleared in a WIND-UHVDC/AC system, the self-impedance Z 11 , mutual impedance Z 12 and self-impedance angle ϕ 11 in (4) at any time can be expressed as follows:
where
Z 11 , Z 12 and ϕ 11 are all affected by P w . For any time after the fault is cleared, the variation in k DFIG will affect P w and change the values of Z 11 and Z 12 and will further affect the rotor angle stability of the WIND-UHVDC/AC system.
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The impact of the increase in k DFIG on the electrical power of the SG and the rotor angle stability can be analysed from the two aspects of the self-impedance term and mutual impedance term.
1) THE IMPACT OF THE SELF-IMPEDANCE TERM ON THE ROTOR ANGLE STABILITY AS k DFIG INCREASES
The value of the internal reactance x d of an SG is 1.0-2.3 [23] , and x dTL decreases with an increase in the number of SGs in operation. Therefore, the situations with different values of x dTL are analysed as follows:
(1) x dTL is large: x L is much less than x dTL , and the value of (7) can be ignored; therefore, α 11 is approximately equal to 0, and the self-impedance term can be ignored [16] . (2) x dTL is small: when P w is small, the value of
approximately equals zero, and a 11 ≈ 0 • , α 11 ≈ 0 • ; therefore, the self-impedance term can be ignored.
decreases as P w increases, and b 11 decreases with P 2 w ; thus, |Z 11 | decreases gradually as P w increases, α 11 < 0 and |α 11 | increases gradually. That is, E 2 q sin α 11 / |Z 11 | decreases with increasing k DFIG , and the electrical power curve shifts downwards, which is not conducive to the rotor angle stability.
2) THE IMPACT OF THE MUTUAL IMPEDANCE TERM ON THE ROTOR ANGLE STABILITY AS K DFIG INCREASES
To analyse the influence of the variation in k DFIG on the electrical power of the SG, the derivatives of a 12 and tan α 12 with respect to P w are obtained, respectively, as
After the fault is cleared, a 12 > 0, α 12 > 0, a 12 and α 12 increase with P w , while b 12 is constant; therefore, |Z 12 | increases gradually and the electrical power curve of the SG shifts to the lower-right region, which is not conducive to the rotor angle stability.
The impact of the active power recovery rate of the DFIG on the deceleration area of the SG is shown in Fig. 7 . The curves P cur1 and P cur2 correspond to the electrical power curves before and during the fault, respectively. Before the fault, the SG operates at point a, and the rotor angle is δ 0 . The fault line is cut off when the SG operates at δ c and the acceleration area is S abcd . After the fault is cleared, the curves P cur3 and P cur4 correspond to the electrical power when k DFIG are k 1 and k 2 , respectively, and k 1 < k 2 . When k DFIG = k 1 , the deceleration area of the SG is S efgb , and the maximum rotor angle is δ 1 . When k DFIG = k 2 , the curve P cur4 is lower and to the right of curve P cur3 , the deceleration area S hijb is equal to the acceleration area when the rotor angle is δ 2 , and δ 2 > δ 1 . Therefore, the rotor angle stability of the system decreases gradually as the active power recovery rate of the DFIG increases.
B. THE IMPACT OF THE ACTIVE POWER RECOVERY RATE OF THE UHVDC ON THE ROTOR ANGLE STABILITY
When P w and k DFIG are zero after the fault is cleared, Z 11 and Z 12 at any time can be expressed as follows:
Z 11 and Z 12 are affected by P D . For any time after the fault is cleared, the variation in k HVDC will affect P D and change the values of Z 11 and Z 12 and will further affect the rotor angle stability of the WIND-UHVDC/AC system.
1) THE IMPACT OF THE SELF-IMPEDANCE TERM ON THE ROTOR ANGLE STABILITY AS K HVDC INCREASES
Similar to the analysis in section 3.1, it can be concluded that when x dTL is large, α 11 ≈ 0 • and the self-impedance term can be ignored. When x dTL and P D are small, the self-impedance term can be neglected. When x dTL is small and P D is large, the self-impedance term E 2 q sin α 11 / |Z 11 | increases gradually with k HVDC , and the electrical power curve shifts upwards, which can improve the rotor angle stability.
2) THE IMPACT OF THE MUTUAL IMPEDANCE TERM ON THE ROTOR ANGLE STABILITY AS K HVDC INCREASES
To analyse the influence of the variation in k HVDC on the electrical power of the SG, the derivatives of a 12 and tanα 12 with respect to P D are obtained, respectively, as
After the fault is cleared, a 12 < 0, |a 12 | increases gradually with P D , and b 12 is not directly related to P D . However, P D and Q D are coupled, and Q D increases with P D ; thus, b 12 increases gradually with P D . Therefore, |Z 12 | increases gradually, and the electrical power curve shifts downwards with increasing P D , which is not conducive to the rotor angle stability. Equation (15) shows that |α 12 | increases with k HVDC and the rate of the |α 12 | increase gradually reduces when Q D is considered. That is, the electrical power curve is affected by both the leftward shift and the downward shift with increasing k HVDC . 
a: ANALYSIS OF THE EFFECT OF THE LEFTWARD SHIFT ON THE ROTOR ANGLE STABILITY
When the leftward shift of the electrical power curve is the dominant factor, the impact of k HVDC on the deceleration area is shown in Fig. 8 . The curves P cur1 and P cur2 correspond to the electrical power before and during the fault, respectively. Before the fault, the SG operates at point A, and the rotor angle is δ 0 . The fault line is cut off when the SG operates at δ c and the acceleration area is S ABCD . After the fault cleared, the curves P cur3 and P cur4 correspond to the electrical power of the SG when k HVDC = 0 and k HVDC = ∞ (active power recovers immediately), respectively.
When k HVDC = 0, the maximum rotor angle is δ 1 , and the deceleration area is S EFGB . When k HVDC = ∞, the curve P cur4 is lower and to the left of curve P cur3 , as the leftward shift is the dominant factor. Compared with the curve P cur3 , the deceleration area increases by S HEV due to the leftward shift, where the point V is the intersection point of the curves P cur3 and P cur4 . The deceleration area S HIJB is equal to the acceleration area S ABCD ; thus, δ 2 < δ 1 . When 0 < k HVDC < ∞, the electrical power curve is shown as P cur5 in Fig. 8 . Compared with the curve P cur3 , the SG operates from point E to the upper left region. When the SG operates to point W , UHVDC recovers to the rated power, and then SG operates according to the curve P cur4 from point W . Compared with the curve P cur3 , the deceleration area increases by S EWV , and the deceleration area S EKLB equals to the acceleration area S ABCD , thus δ 2 < δ 3 < δ 1 .
That is, the increase in k HVDC can improve the rotor angle stability when the leftward shift of the electrical power curve is the dominant factor. 
b: ANALYSIS OF THE EFFECT OF THE DOWNWARD SHIFT ON THE ROTOR ANGLE STABILITY
When the downward shift of the electrical power curve is the dominant factor, the impact of the increase in k HVDC on acceleration area and deceleration area is shown in Fig. 9 . When k HVDC = 0, the maximum rotor angle is δ 1 , and the deceleration area is S EFGB . When k HVDC = ∞, the curve P cur4 is lower and to the left of curve P cur3 , as the downward shift is the dominant factor. Compared with the curve P cur3 , the deceleration area increases by S HEV due to the leftward shift. When the SG operates at δ 1 , the deceleration area decreases by S VFT due to the downward shift, and S VFT > S HEV . The acceleration area S ABCD is larger than the deceleration area S VET when the SG operates at δ 1 . When the SG operates at δ 2 , the deceleration area S HIJB is equal to the acceleration area S ABCD , thus δ 2 > δ 1 . When 0 < k HVDC < ∞, the electrical power curve is shown as P cur5 in Fig. 9 . Compared with the curve P cur3 , the SG operates from point E to the upper left region and the deceleration area increases by S EUM , where point M is the intersection point of the curves P cur3 and P cur5 , and point U is located on the curve P cur5 . When the SG operates at δ 1 , the deceleration VOLUME 7, 2019 area decreases by S MFR due to the downward shift, and S EUM > S MFR . When the SG operates as δ 3 , the deceleration area S EKLB is equal to the acceleration area S ABCD , thus
That is, the increase in k HVDC will deteriorate the rotor angle stability when the downward shift of the electrical power curve is the dominant factor.
3) THE IMPACT OF THE VARIATION IN X dTL ON THE ROTOR ANGLE STABILITY
Equation (13) shows that Z 12 and α 12 are also affected by x dTL and x L . The equivalent internal reactance x dTL of the SGs in the sending-end system is inversely proportional to the capacity of the SGs. Compared with x dTL , the range of x L is small and usually less than 0.1 pu. Therefore, the impacts of the variation in x dTL on Z 12 and α 12 are analysed. The derivatives of |Z 12 | 2 and tanα 12 with respect to x dTL are obtained, respectively, as
The derivation of tanα 12 with respect to x dTL shows that |tanα 12 | increases gradually with x dTL , and the increase in the amplitude of |tanα 12 | is inversely proportional to x 2 dTL . That is, the amplitude of the leftward shift of the electrical power curve increases as x dTL increases. The derivative of |Z 12 | 2 with respect to x dTL shows that |Z 12 | 2 increases as x dTL increases, and the increase in the amplitude of |Z 12 | is proportional to √ x dTL . That is, the amplitude of the downward shift of the electrical power curve increases with x dTL . Moreover, the self-impedance term can be ignored when x dTL is large.
Therefore, the object of the control strategy to improve the rotor angle stability can be expressed as follows:
The impacts of x dTL and k HVDC on the rotor angle stability are summarized in Tab. 1.
C. THE INTERACTIVE IMPACT OF THE ACTIVE POWER RECOVERY RATES OF THE DFIG AND UHVDC ON THE ROTOR ANGLE STABILITY
Based on section 3.1 and section 3.2, the interactive impacts of the active power recovery rates of the DFIG and UHVDC on the rotor angle stability of the WIND-UHVDC/AC system areanalysed. After the fault is cleared, Z 11 and Z 12 at any time can be expressed as follows:
Z 11 and Z 12 are affected by (P w − P D ). For any time after the fault is cleared, the variations in k DFIG and k HVDC will affect (P w −P D ) and change the values of Z 11 and Z 12 and will then affect the rotor angle stability of the WIND-UHVDC/AC system. Suppose that k D−H is the rate of change of (P w −P D ), and k D−H = k DFIG − k HVDC .
1) THE IMPACT OF THE SELF-IMPEDANCE TERM ON THE ROTOR ANGLE STABILITY AS K D−H INCREASES
Similar to the analysis in section 3.1, it can be concluded that when x dTL is large, α 11 ≈ 0 • , and the self-impedance term can be ignored. When x dTL is small, if |P w − P D | is small, α 11 ≈ 0 • , and the self-impedance is ignored; if |P w − P D | is large, when (P w − P D ) > 0, the selfimpedance is E 2 q sin α 11 / |Z 11 | < 0, |E 2 q sin α 11 / |Z 11 | | gradually increases with k D−H , and the electrical power curve shifts downwards; when (P w −P D ) < 0, the self-impedance is E 2 q sin α 11 / |Z 11 | > 0, |E 2 q sin α 11 / |Z 11 | | gradually increases as k D−H decreases, and the electrical power curve shifts upwards, which is conducive to the rotor angle stability.
2) THE IMPACT OF THE MUTUAL IMPEDANCE TERM ON THE ROTOR ANGLE STABILITY AS K D−H INCREASES
The derivatives of a 12 and tanα 12 with respect to (P w − P D ) are obtained, respectively, as
After the fault is cleared, a 12 is proportional to (P w − P D ), and b 12 is not directly related to (P w − P D ). As Q D increases with P D , b 12 increases with P D . Equation (22) shows that |tanα 12 | increases with (P w − P D ), and the rate of increase of |tanα 12 | decreases with the increase in P D when Q D is considered.
It can be seen from section 3.2 that the variation in x dTL affects the rotor angle stability. When x dTL is small, the leftward-rightward shift of the electrical power curve is the dominant factor. The electrical power curve shifts to left gradually with the decrease in (P w − P D ), which can improve the rotor angle stability. When only considering the leftward-rightward shift of the electrical power curve after the fault is cleared, the impact of k DFIG and k HVDC on the rotor angle stability is shown in Fig. 10 , where the maximum rotor angle δ max increases as the colour deepens. When the system operation point shifts lower and to the right, k D−H increases gradually, and the rotor angle stability decreases gradually. Therefore, reducing k DFIG and increasing k HVDC can improve the rotor angle stability of the WIND-UHVDC/AC system when x dTL is small. When x dTL is large, the upward-downward shift of the electrical power curve of the SG is the dominant factor. The active power P wtc and P Dtc when the fault is cleared will affect the optimization of k DFIG and k HVDC . Therefore, the cases of (P wtc − P Dtc ) = 0, (P wtc − P Dtc ) > 0 and (P wtc − P Dtc ) < 0 are analysed, respectively. When the impact of Q D is not considered, with the increase in (P w − P D ), the curve of the electrical power curve shifts to the lower right. With the decrease in (P w − P D ), the electrical power curve shifts to the lower left region. For any time after the fault is cleared, the variation in k DFIG and k HVDC will change (P w − P D ), which will affect the rotor angle stability. When only considering the impact of the upward-downward shift of the electrical power curve, the impact of k DFIG and k HVDC on the rotor angle stability is shown in Fig. 11.   FIGURE 11 . When x dTL is large and only considering the impact of the upward-downward shift of the electrical power curve, the impact of k DFIG and k HVDC on the rotor angle stability without considering Q D .
As shown in Fig. 11 , a 12 = 0 and b 12 remains constant when k D−H = 0. The amplitude of the upward shift of the electrical power curve is maximal at k D−H = 0; that is, the maximum rotor angle of the SG is minimal and equal when the system operates on Cur I in Fig. 11 . When the VOLUME 7, 2019 operation point of the system shifts from Cur I to the upper left or lower right region, |k D−H |, |P w −P D | and |Z 12 | increase gradually, which deteriorates the rotor angle stability.
When the impact of Q D is considered, Q D and b 12 increase with increasing P D . When only considering the upwarddownward shift of the electrical power curve, the impact of k DFIG and k HVDC on the rotor angle stability is shown in Fig. 12 , where Cur I corresponds to k D−H = 0. The imaginary b 12 increases gradually when the operation point of the system shifts to the upper right region along Cur I, which increases the maximum rotor angle of the SG. For a certain active power recovery rate k DFIG1 of the DFIG, when k HVDC increases from zero, (P w − P D ) and a 12 decreases gradually and b 12 increases gradually when k HVDC < k DFIG1 ; that is, for any k DFIG , the maximum rotor angle of the SG is minimal when k HVDC < k DFIG , as shown in Cur II in Fig. 12 . For any k DFIG , the maximum rotor angle of the SG is minimal when the corresponding k HVDC in Cur II is selected. Therefore, the maximum rotor angle of the SG increases gradually when the operation point of the system shifts from Cur II to the upper left or lower right region. The maximum rotor angle of the SG increases gradually when the operation point of the system shifts to the upper right region along Cur II. Thus, the object of the control strategy to improve the rotor angle stability can be expressed as follow:
that is, the rotor angle stability is best when k HVDC = k DFIG = 0. It can be observed from the above analysis that the rotor angle stability is affected by the variation in (P w − P D ) and Q D when x dTL is large and (P wtc −P Dtc ) = 0. The influencing factors are summarized in Tab. 2. 
It can be observed from the above analysis that when k D−H >0, a 12 and |Z 12 | increases with k D−H , the electrical power curve of the SG shifts to the lower right region, and the maximum rotor angle rises gradually, which is not conducive to the rotor angle stability. When k D−H < 0 and (P w − P D ) > 0, |Z 12 | decreases gradually with decreasing k D−H , and the electrical power curve of the SG shifts to the upper-left region, which can improve the rotor angle stability. When k D−H < 0 and (P w − P D ) < 0, |Z 12 | increases gradually with decreasing k D−H , which is not conducive to the rotor angle stability. Therefore, the object of the control strategy to improve the rotor angle stability can be expressed as follow:
Thus, reducing the active power recovery rate of the DFIG and choosing the appropriate k HVDC to reduce |P w − P D | can improve the rotor angle stability when (P wtc − P Dtc ) > 0.
Similar to the analysis of the case of (P wtc − P Dtc ) > 0, the object of the control strategy to improve the rotor angle stability can be expressed as follow:
The impacts of x dTL and k D−H on the rotor angle stability are summarized in Tab. 3.
IV. EXAMPLES AND VERIFICATION

A. VERIFICATION AND ANALYSIS OF A TYPICAL WIND-UHVDC/AC SYSTEM
A typical WIND-UHVDC/AC system, as shown in Fig. 1 , is established using the PSD-BPA simulation software. The rated power of the SG in the sending-end system is 350 MW. The installed capacity of the DFIG is 600 MW, and a GE 1.5 MW wind turbine is adopted.The parameters of the DFIG model that is used in this article are reported in Appendix B. The voltage level of the HVDC is ±500 kV, and the control strategy of the CIGRE benchmark model is adopted. The transmission capacity of the HVDC is 600 MW. The voltage level of the HVAC lines is 500 kV, and the reactance of the single-circuit is 0.02. In the simulation, the equivalent internal reactance x dTL is adjusted by the reactance x GL of the SG transmission line. A short-circuit fault occurs at the near end of the single-circuit of the HVAC lines at 0.2 s, and the fault line is cut off after 0.05 s.
1) THE IMPACT OF THE ACTIVE POWER RECOVERY RATE OF THE DFIG ON THE ROTOR ANGLE STABILITY
After the short-circuit fault is cleared, the active power and recovery rate of the HVDC are set to zero, and the active power of the DFIG increases from zero. When x GL = 0, comparisons of the electrical power curve and the rotor angle of the SG at different k DFIG are shown in Fig. 13 . The electrical power curve of the SG shifts downward gradually, the maximum rotor angle increases gradually with increasing k DFIG , and the rotor angle stability deteriorates gradually. With the variation in x GL , the maximum rotor angles of the SG at different k DFIG are reported in Tab. 4, where δ 1 is the difference between k DFIG = 4200 MW/s and k DFIG = 0. The maximum rotor angle of the SG increases with k DFIG at any value of x GL ; that is, the variation in x GL will not change the trend of the rotor angle stability with the increase in k DFIG . With the increase in x GL , the modulus of the mutual impedance and the complementary angle of the mutual impedance increases gradually, and the amplitude of the shift of the electrical power curve to the lower right region increases gradually, which is not conducive to the rotor angle stability and increases the value of δ 1 .
2) THE IMPACT OF THE ACTIVE POWER RECOVERY RATE OF THE HVDC ON THE ROTOR ANGLE STABILITY
After the short-circuit fault is cleared, the active power and recovery rate of the DFIG are set to zero, and the active power and then increases with increasing k HVDC . When x GL ≥ 0.04, the maximum rotor angle increases gradually with increasing k HVDC . That is, the rotor angle stability deteriorates and δ 2 increases gradually with x GL . When x GL = 0 and x GL = 0.05, comparisons of the electrical power curve and the maximum rotor angle of the SG at different k HVDC are shown in Fig. 14 and Fig. 15 , respectively.
It can be observed from Fig. 14 that the electrical power curve at k HVDC = 3000 MW/s is positioned to the upper left of that at k HVDC = 600 MW/s. At this time, the leftward shift is the dominant factor, and the rotor angle stability improves with increasing k HVDC . Fig. 15 shows that when x GL = 0.05, the electrical power curve at 3000 MW/s is positioned to the upper left of that at 600 MW/s in the initial period after the fault is cleared. Then, the electrical power curve at k HVDC = 3000 MW/s becomes gradually lower than that at k HVDC = 600 MW/s with increasing rotor angle, and the deceleration area increased by the leftward shift is lower than that decreased by the downward shift. That is, the rotor angle stability decreases with increasing k HVDC when the downward shift of the electrical power curve is the dominant factor.
3) THE INTERACTIVE IMPACT OF THE ACTIVE POWER RECOVERY RATES OF THE DFIG AND UHVDC ON THE ROTOR ANGLE STABILITY a: (P wtc − P Dtc ) = 0 WHEN THE SHORT-CIRCUIT FAULT IS CLEARED
After the fault is cleared, (P wtc − P Dtc ) = 0, and the active power of the DFIG and UHVDC increases from zero. When x GL equals 0.02, 0.03 and 0.04, the interactive impact of k DFIG and k HVDC on the rotor angle stability is shown in Fig. 16 . Fig. 16(a) shows that the maximum rotor angle decreases with increasing k HVDC and increases with k DFIG . The leftward shift of the electrical power curve is the dominant factor when x GL = 0.01; increasing the active power recovery rate of the UHVDC and reducing the active power recovery rate of the DFIG can improve the rotor angle stability. Fig. 16(b) shows that the maximum rotor angle first reduces and then increases with the increase in k HVDC when k DFIG = 0 and k DFIG = 600 MW/s. The maximum rotor angle decreases with increasing k HVDC when k DFIG ≥1200 MW/s, and the decrease in the amplitude of the maximum rotor angle gradually increases with k DFIG . For any k HVDC , the maximum rotor angle of the SG increases with k DFIG . Therefore, the electrical power curve is affected by both the leftward shift and the downward shift. Fig. 16(c) shows that the maximum rotor angle of the SG increases with increasing k HVDC when 0 ≤ k DFIG ≤ 1800 MW/s, but the increase in the amplitude of the maximum rotor angle decreases gradually with increasing k DFIG . The maximum rotor angle increases gradually with k HVDC when k DFIG ≥ 2400 MW/s, and k HVDC corresponding to the minimum value of the maximum rotor angle increases with k DFIG . In addition, the maximum rotor angle increases with k DFIG when 0 ≤ k HVDC ≤ 3600 MW/s, and the maximum rotor angle first deteriorates and then increases with the increase in k DFIG when k HVDC = 4200 MW/s. Thus, the electrical power curve is affected by both the leftward shift and the downward shift when x GL = 0.05, and the impact of the downward shift is greater than that of the leftward shift, which verifies the correctness of the theoretical deduction in section 3.3.
The active power of the UHVDC when the short-circuit fault is cleared is set to 240 MW by adjusting the parameters of VDCOL, and the active power of the DFIG increases from zero, thus (P wtc − P Dtc ) = −240 MW. When x GL = 0.06, the impacts of k DFIG and k HVDC on the maximum rotor angle of the SG are reported in Tab. 6.
The upward-downward shift of the electrical power curve is the dominant factors when x GL = 0.06. It can be observed from Tab. 6 that the maximum rotor angle of the SG first reduces and then increases with increasing k DFIG when k HVDC = 0, and the rotor angle stability is best at k DFIG = 300 MW/s. When k DFIG = 300 MW/s, (P w − P D ) is negative and increases before the maximum rotor angle. With increasing k HVDC , the k DFIG that corresponds to the minimal value of maximum rotor angle increases gradually. Tab. 6 indicates that the rotor angle stability is best when k HVDC = 0 and k DFIG = 300 MW. Compared with (P wtc − P Dtc ) = 0, the maximum rotor angle increases monotonously with increasing k DFIG when x GL = 0.06 and k HVDC = 0, as reported in Tab. 3, whereas the maximum rotor angle first deteriorates and then increases with increasing k DFIG when (P wtc − P Dtc ) = −240 MW. The result of this comparison verifies the correctness of the theoretical deduction in section 3.3. VOLUME 7, 2019 TABLE 6. The impact of k DFIG and k HVDC on the rotor angle stability when x GL = 0.06 and (P wtc − P Dtc ) = −240 MW. 
B. VERIFICATION OF AN ACTUAL WIND-UHVDC/AC SYSTEM
To further verify the theoretical derivation presented in section 3, a model of an actual WIND-UHVDC/AC system in China's Northwest Power Grid, as shown in Fig. 17 , is built in the PSD-BPA simulation programme. Compared with Fig. 1 , the sending-end system consists of wind power in the Hami and South Hami areas and SGs in the Xinjiang Power Grid. The receiving-end system 1 is the Zhengzhou inverter station in Central China, and the receiving-end system 2 of the 750 kV UHVAC system is China's Northwest Power Grid. The output of the SGs matched to the UHVDC is 6600 MW (10 × 660 MW), and the total output of the wind power in the Hami and South Hami areas is 2,850 MW. The voltage level of the UHVDC is ±800 kV, the transmission capacity of the UHVDC is 2.4 GW, and the reactive power compensation in the rectifier station is 3880 Mvar [24] . The Xinjiang Power Grid is connected to the Northwest Power Grid by four transmission lines with a rated voltage of 750 kV. In the simulation, a three-phase short-circuit fault occurs at the single Hami-Dunhuang UHVAC line at 0.2 s, and the fault line is cut off at 0.3 s.
After the fault is cleared, the impact of the active power recovery rates of the DFIG and UHVDC on the rotor angle stability is shown in Fig. 18 . For an actual WIND-UHVDC/AC system in China, x dTL of the SGs which are matched to the UHVDC system is 0.00593, and x L of the 750kV UHVAC lines is 0.0635, thus x dTL is much less than x L [25] . Therefore, the leftward-rightward shift of the electrical power is the dominant factors. As shown in Fig. 18 , the maximum rotor angle decreases gradually with decreasing k DFIG and increasing k HVDC . The rotor angle difference between k DFIG = 8 pu/s and k DFIG = 0 decreases gradually with increasing k HVDC ; meanwhile, the rotor angle difference between k HVDC = 8 pu/s and k HVDC = 0 increases gradually with increasing k DFIG . This result is consistent with the theoretical derivation in section 3.3 and the simulation results at x GL = 0.01 in section 4.1, which verifies the correctness of the theoretical derivation.
Therefore, for a WIND-UHVDC/AC system, reducing the active power recovery rate of the DFIG and increasing the active power recovery rate of the UHVDC can improve the rotor angle stability when the active power recovery rates of the DFIG and UHVDC meet the requirements of the technical specifications. Additionally, reducing the equivalent internal reactance of the SGs in the sending-end system by installing thyristor-controlled series compensation (TCSC) can improve the rotor angle stability of the WIND-UHVDC/AC system.
V. CONCLUSION
In this paper, a model of a WIND-UHVDC/AC system is established, and the interactive impact of the active power recovery rates of the DFIG and UHVDC on the rotor angle stability is analysed based on the EAC. The conclusions are as follows:
(1) When the active power of the UHVDC is zero after the short-circuit fault is cleared, the electrical power curve of the SG shifts to the lower-right region, and the rotor angle stability decreases gradually with the increase in the active power recovery rate of the DFIG. (2) When the active power of the DFIG is zero after the short-circuit fault is cleared, the electrical power curve shifts to the lower-left region with the increase in the active power recovery rate of the UHVDC. When the equivalent internal reactance of the SGs in the sendingend system is small, the leftward shift of the electrical power curve is the dominant factor, and the rotor angle stability increases gradually with the increase in the active power recovery rate of the UHVDC; when the equivalent internal reactance is large, the downward shift of the electrical power curve is the dominant factor, and the rotor angle stability decreases gradually. (3) The interactive impact of the active power recovery rate of the DFIG and UHVDC on the rotor angle stability is also affected by the equivalent internal reactance of the SGs: 1) when the equivalent internal reactance is small, the leftward-rightward shift of the electrical power curve is the dominant factor; reducing the active power recovery rate of the DFIG and increasing the active power recovery rate of the UHVDC can improve the rotor angle stability; 2) when the equivalent internal reactance is large, the upward-downward shift of the electrical power curve is the dominant factor; reducing the active power recovery rate of the UHVDC and optimizing the active power recovery rate of the DFIG to reduce the active power difference between the DFIG and UHVDC can improve the rotor angle stability of the WIND-UHVDC/AC system. (4) The impact of UHVDC block on the rotor angle stability and the emergency control strategy will be researched in the future, and the research results will be reported in the later articles.
APPENDIX A
The parameters of the CIGRE HVDC control system are presented in Table 7 .
APPENDIX B
The parameters of the DFIG used in this article are presented in Table 8 .
